Six cats were trained to eat while partially restrained and while thermal pulse stimuli (43-60 °C, 5 s duration) were delivered to the upper hindlimbs. Food and stimulus delivery were under programmed electronic control. The probability and latency of 3 natural, unlearned nocifensive behaviors were electronically registered: interruption of eating or of exploring for food, hindlimb movement and vocalization. Preoperatively, all cats showed significant increases in the probability of two or more behaviors as stimulus temperature increased. Each cat also showed a significant food-induced suppression of one or more of these behaviors. Thermocoagulation lesions limited to the giganto-and magnocellular fields of the medial medullary reticular formation (4 cats) produced a decrease in nocifensive responsiveness. Larger lesions within the same area but with extension into the postpyramidal raphe nuclei, resulted in increased nocifensive responsiveness (2 cats). No lesion affected response latency or the food-induced modulation of nocifensive behavior. The results support the hypothesis that supraspinally organized nocifensive responses are: (1) tonically facilitated by neural activity originating in or passing through the medial bulboreticular formation; (2) tonically suppressed by midline raphe spinal neurons; and (3) phasicaUy modulated by suprabuibar neural mechanisms that are related to changes in behavioral state.
INTRODUCTION
During the past decade, numerous experiments have added detail to our understanding of the neural mechanisms by which the brainstem could mediate and modulate behavioral responses to noxious somatic or visceral stimuli 7'26'27'29"39'55"66. The emerging picture is one of separate, juxtaposed groups of brainstem neurons with rostrally or caudally projecting axons and with the potential to facilitate or suppress nociceptive neuronal transmission and nocifensive behavioral responses. With few exceptions, however, (cited in Discussion) there are no experiments that demonstrate the predominant effect, on supraspinally organized nocifensive behavior, of destroying or otherwise inactivating different brainstem regions. Experiments of this type are necessary if we are to learn about the functional significance of putative pain-modulating neurons.
We have developed a method for measuring supraspinally organized, unlearned, nocifensive responses of cats to controlled thermal stimuli so that changes in stimulus-response profiles can be determined 17. This method has been used to demonstrate the effect of spinal tractotomies on the tonic excitability and phasic modulation of nocifensive behavior TM. In this report, we present the results of similar experiments in which stimulus-response profiles of cats, and the natural, environmentally induced modulation of these profiles, were determined before and after placing thermocoagulation lesions in the medial medulla. Preliminary reports of these experiments have been published 19.
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MATERIALS AND METHODS
All animals in this study were maintained in facilities that were fully accredited by the American Association for Accreditation of Laboratory Animal Care. We used the minimum number of animals necessary to obtain reliable results.
Testing of responses to thermal stimuli
The procedure is the same as previously described 18 but will be summarized briefly. Six normal adult female cats were trained to place their muzzles into an illuminated food cup, thereby interrupting a photocell contact and triggering the delivery of three 1.5-ml portions of pureed meat-based cat foot during a 15-s period. After 1-2 weeks of preliminary conditioning, the cats were trained for another 2 weeks to perform the same task while partially restrained in a flexible body cast. Cats were food deprived for 24 h before training or data collection sessions 5 days per week.
Thermal pulses were delivered to either shaved outer thigh by spring-loaded, water-cooled contact thermodes 48 . Glycerine was applied to the skinthermode interface to assist heat transfer and an electric razor was used to shave the skin twice weekly. Stimuli rose from an adapting temperature of 38 °C at a rate of 17 °C/s. Unless terminated by the cat's response, thermal pulses had a plateau duration of 5 s and returned to the adapting temperature within 2 s.
Three behavioral responses were recorded only during the 7-s-stimulus period. Vocalization was detected by microphone, movement of the body by a weighted phonograph cartridge mounted between the hindlimb supports, and interruption of eating or of exploration for food by activation of a photocell mounted in the illuminated food cup. The amplified output of each of these devices was led into separate level-detection comparator circuits, each with an output that could be selected to terminate the stimulus. Movement responses sufficient to trigger the detector produced just-visible displacements of the cast and registered 300-g peaks on a force transducer mounted on the cast wall. The movement sensor could be activated by hindlimb or upper body movements, but not by the head movements that signalled interruption of eating.
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A programmable integrated circuit controlled the feeding schedule, timing, location, and intensity of thermal stimuli, and the activation of 3 responselatency counters. Periodic illumination of the food cup signaled the onset of 1 of 43 15-s food-available periods, 32 of which were used for data collection. The program advanced only when the cat's muzzle entered the food cup. Interruption of photocell contact triggered stimuli on 22 of the food-available periods so that thermal stimulation was coincident with eating; 10 stimuli were non-coincident with food delivery. Interrupt responses to non-coincident stimuli occured when the cat's muzzle was in the empty cup. During each session, 12 stimuli were blank trials at 38 °C, 12 were at an intermediate temperature (43-51 °C) , and 8 were at the highest temperature selected for that session (51-60 °C) . Four of the blank and intermediate stimuli and two of the higher intensity stimuli were not coincident with eating. The length of the interstimulus interval depended on the rate at which each cat advanced the program by responding to the illuminated food cup. The shortest possible session was approximately 30 min long, giving a minimum interstimulus interval of 1.5 min (not including blank trials). Some cats took 1 h to advance through the program, thus doubling the average interstimulus interval. The stimulus sequence was based on a random order 25 of intensity and laterality, modified to assure that high-intensity pulses could not be delivered to the same site at intervals shorter than 3 min. The frequency, duration, and intensity of noxious stimuli delivered according to the above schedule was well within tolerance because all cats readily accepted daily placement in the apparatus and regularly activated advancement of the stimulus delivery program.
At stimulus onset, 3 response-latency counters were started. A pulse from a comparator circuit stopped the appropriate counter when the output of the microphone or movement detector amplifier exceeded a selected level. Photocell activation stopped the interupt-detection counter when the cat's muzzle was withdrawn from the food cup. Response latencies were read from the digital display. Any response could abort the stimulus.
Data analysis
Response latencies between 0.5 and 7 s after each stimulus pulse onset were entered into disk files of a Data General Nova 3/12 laboratory computer for the computation of response probabilities, the mean + S.D. of the response latency for each stimulus temperature, and the construction of response latency histograms for each temperature trial. The variance about each response probability was expressed as the standard error and significant differences between probabilities were determined by computing the 95% confidence intervals of each probability 2s. For probabilities based on less than 30 trials, we used the tables computed by Crow 22. Responses to coincident and non-coincident stimuli were analyzed separately; a significant difference between these probabilities was interpreted as foodinduced response modulation. Analyses of response trends were obtained by sequentially computing the response probabilities for each temperature in blocks of 3 days.
Surgery and postoperative care
Each cat was deeply anesthetized with 50 mg/kg of pentobarbital i.v. Supplemental doses were given as needed to maintain complete suppression of flexor reflexes to intense mechanical stimuli.
Under aseptic conditions, a temperature-controlled probe with a 1 mm tip heated by radio frequency current (Radionic Model RFG-4, Burlington, MA, U.S.A.) was inserted into the medial medulla through a craniotomy in the occipital bone. After the desired location of the tip was attained, the temperature of the tip was raised to the selected level over a 1-min period and maintained at that temperature for another minute before turning off the heating current. Maximum probe tip temperature ranged between 60 and 65 °C among cats, depending on the size of the lesion desired. One cat received a unilateral paramedial lesion. Bilateral paramedial lesions were placed in one cat, and 4 cats received combined paramedial and midline lesions.
Each cat was given antibiotics intramuscularly daily for one week after surgery and received sterile water subcutaneously during the immediate postoperative recovery period as needed. Postoperatively, cats maintained their body weight and normal food consumption, appeared active and alert, and responded affectionately to petting and handling. All cats exercised freely outside their cages daily.
Histology
Each cat received deep pentobarbital anesthesia followed by transcardiac perfusion of the entire body with normal saline and 10% formalin in saline. The hindbrain was removed and steeped in 10% formal saline for 1 week before sectioning on a freezing microtome. After removing the dura, 50 frozen sections were stained by the Nissl method. The location and extent of the lesion in each case was determined by drawings of the images of the coronal sections projected onto appropriate coronal plates of the Berman 6 atlas. These drawings were then used to reconstruct the lesion onto the parasagittal plates of the same atlas.
RESULTS

Preoperative testing
Six cats were tested for responses to thermal stimulation of the hindlimbs with stimulus temperatures ranging from 43 to 60 °C. An average of 80 + 26 (S.D.) stimuli were delivered at each temperature to each cat during preoperative testing.
All cats showed significant increases in the probability of two or more behaviors as stimulus temperature increased. Fig. 1 shows the preoperative stimulus-response profiles of two of the most frequently emitted behaviors for each cat. These preoperative response profiles are also shown with Response threshold was defined as the lowest temperature at which the response probability exceeded that at the adapting temperature (38 °C) by an amount sufficient to exclude each probability from the 95% confidence boundary of the other. This criterion was used to compare responsiveness at all other test temperatures and to identify significant differences in responsiveness. By this criterion, response threshold ranged from 47 to 51 °C for one or more behavior for each of 6 cats. For all cats, response latency ranged from an average of 2.67 + 0.20 (S.E.M.) s for interrupt responses to coincident stimuli to 1.95 + 0.30 (S.E.M.) s for movement responses to non-coincident stimuli.
Trends of responsiveness were examined by determining the response probability at the threshold temperature for sequential blocks of 3 days for each cat. Regression analysis revealed no significant relationship between time and response probability for any cat (Kendall rank correlation; P >t 0.24).
Each cat showed a food-induced suppression of one or more behaviors. As noted in our previous studies ~7"1s, this modulation was more pronounced at higher stimulus temperatures. Fig. 2 shows the individual and average preoperative food-induced modulation profiles. As would be expected at stimulus temperatures below the noxious range, the probability of a response to a stimulus that is coincident with food (Pc) is slightly less than when food and stimulation are non-coincident (Pn)" HOWever, as stimulus intensity increases into the noxious range, the difference between these probabilities increases, showing that the presentation of food suppresses the frequency of nocifensive responses by 30-60% (Fig. 2) .
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Postoperative testing
All cats were allowed at least 18 days for recovery from surgery before postoperative testing began. At the time testing resumed, and throughout the remaining testing period of at least 5 weeks, each cat was consuming sufficient water and food to maintain hydration and preoperative body weight. Sleeping time and pattern were not monitored, but each cat appeared alert, normally responsive to petting and all other natural environmental stimuli, and to have a normal level of spontaneous motor activity. There was no obvious disturbance of gait; each cat was observed to leap up and down heights of at least 3 feet and to walk along narrow surfaces without apparent difficulty.
An average of 70 + 29 (S.D.) stimuli were delivered at each temperature to each cat during the postoperative testing period.
Lesions limited to gigantocellular tegmental field (FTG) and magnocellular tegmental field (FTM)
Four cats had either unilateral (cat O), bilateral (cat R), or midline plus unilateral (cats B and T) thermal lesions of the medial medullary reticular formation. In each case, portions of the magnocellular and gigantocellular reticular formation were destroyed, but the ventral raphe nuclei (postpyramidal raphe 6, N. raphe pallidus 67) were spared (Fig.  3) . According to the cytoarchitectural terminology used by Taber 67, the lesions involved the nuclei TEMPERATURE (Oc) Fig. 2 . Preoperative response modulation profiles of 6 cats. Pc = probability of a response to a thermal stimulus delivered coincident with food. P, = probability of a response to a thermal stimulus that is non-coincident with food delivery.
Open circles with heavy line: average + S.E.M. Response suppression increases with increasing stimulus temperatures.
medullae oblongotae centralis, paramedium reticularis, intercalatus, and the caudal part of nucleus gigantocellularis. Parts of the most dorsal nucleus centralis inferior 6, the nuclei raphe magnus and obscurus 67 and the medial longitudinal fasciculus were also destroyed in all but cat O.
Every cat except one showed a significant decrease in the probabil!ty of each previously emitted nocifensive behavior. The exception, cat T, showed a marked decrease in both interrupt and vocalization responses, but movement responses were not significantly affected. Fig. 4 shows examples of the shift in some of the nocifensive response profiles of each cat. In addition to the response changes shown in Fig.  4 , cat O had a significant decrease in interrupt and movement responses to coincident stimuli and an attenuation of vocalization responses to non-coincident stimuli; cat B also showed a significant decrease in interrupt responses to non-coincident stimuli, Because of the marked decrease in the probability of many of these responses, threshold changes could be estimated for only two cats ( in response latency could be detected for any behavior of any cat. The change in average latency ranged from an increase of 0.8 s for vocalization to a decrease of 0.4 s for movement responses. However, postoperative latency measurements could not be made for each behavior because the lesion completely eliminated some of the responses (Fig. 4) . All cats continued to show food-induced suppression of responsiveness postoperatively (Fig. 5) . We could not determine whether lesions of a particular size or location caused a change in the degree of response modulation. Modulation appeared to be decreased, but was not eliminated in 2 cats (O and R, Fig. 5) ; however, 2 other cats with larger and similarly located lesions showed no changes in modulation at all (cats B and T, Fig. 5 ).
Lesions involving ventral raphe nuclei
Two cats received lesions that destroyed portions of the magnocellular and gigantocellular reticular formation and most of the postpyramidal raphe nucleus (PPR 6, n. raphe pallidus 67) throughout its (Fig. 4) .
length (cats E and C, Fig. 3 ). Except for the involvement of the PPR, the lesions in cats E and C considerably overlapped the region destroyed by the lesions in cats O, R, B and T. Both cats showed significant increases in interrupt and movement responses to coincident stimuli and in movement responses to non-coincident stimuli (Fig.  6 ). Vocalization responses were emitted at approximately the same significant probability as preoperatively. The threshold for emitting any nocifensive response remained unchanged at 51 °C for cat E and decreased from 51 to 47 °C for cat C. There were no significant changes in the latency of any response for either cat.
Both cats continued to show food-induced suppression of responses (Fig. 7) . Indeed, the cat with the most extensive destruction of the PPR (cat C, Fig. 3) showed increased phasic response suppression postoperatively.
DISCUSSION
Lesions confined to FTG and FTM
These medial medullary lesions spared the medial lemniscus, pyramidal tracts and the most ventral raphe nuclei (PPR) but destroyed cells and nerve fibers within varying portions of the magnocellular and gigantocellular reticular fields as defined by Berman 6. Supraspinal nocifensive responsiveness was reduced without a measurable effect on response latency or any clinically evident effect on motor function. Furthermore, increased nocifensive responsiveness was seen when the lesion was extended into the ventral raphe PPR. These results show that the FTG and FTM lesions did not destroy sensory or motor mechanisms that are necessary for nocifensive responses and that the neurons and axons of passage destroyed by the lesions facilitate these responses but are not necessary for their execution. 47 , however, found that paramedian gigantocellular lesions attenuated analgesia produced by morphine microinjected into the midbrain but had no effect on hot plate or tail flick responses in the rat.
Lesions extending into the PPR
The PPR as defined by Berman 6 and presented in his atlas is composed primarily of cells forming the nucleus raphe pallidus (NRP) 67 b~at probably includes the ventral part of nucleus raphe obscursus caudally and the ventral part of nucleus raphe magnus (NRM) rostrally. When the lesion extended ventrally to destroy this region (cats E and C), nocifensive responsiveness increased. The results obtained with lesions limited to the FTG and FTM suggest that this increase was superimposed on a (Fig. 6) .
background of decreased responsiveness and that lesions confined to the PPR would produce an even greater increase in responsiveness. In extending our lesions into the ventrally located PPR, we also damaged more of the dorsally situated central inferior nucleus than was involved in the cats with sparing of the PPR. Therefore, we cannot be certain whether the contrasting effect of these larger lesions is due to the additional destruction of ascending and descending pathways from n. centralis inferior or to the involvement of PPR neurons with predominantly caudally projecting axons. To our knowledge, there are no comparable studies of the effect of ventral medullary raphe lesions on supraspinally mediated nocifensive responses of the cat. Abbott et al.1 found that midline lesions in the midbrain, pons or medulla had no effect on either the supraspinally mediated formalin test or the tail flick reflex in the rat. Their lesions, however, may have spared much of the more caudal and ventral NRP. Our results support and extend the observation that lesions of the NRM and NRP in the unanesthetized, decerebrate cat markedly reduce the threshold and latency of the hindlimb withdrawal reflex to noxious pinch or heat 72 and that NRM and NRP lesions decrease the tail flick reflex latency in the rat 57'58 (however, see Watkins et al.7°).
Neural mechanisms: tonic and phasic modulation
Neither the PPR nor the FTM and FTG lesions eliminated the phasic, food-induced modulation of nocifensive responses. This result, combined with similar findings in our study of the effect of feline spinal tractotomies 18, suggests strongly that the neural mechanisms mediating this phasic modulation are organized at a suprabuibar level. The tonic excitability of nocifensive responses, however, was affected by both types of lesions and must therefore be determined, in large part, by medial and midline medullary reticular formation neurons or axons passing through these regions.
The FTG appears to be the major source of rostral projections to the midbrain and diencephalon from the medial medullary reticular formation in the rat 52"69'75 and cat 8'5°. Both the FTM and FTG also send axons caudally to the spinal cord, the FTG projecting primarily to motor, and the FFM .to sensory, nuclei 3"4. In the rat, Martin et al. 45 The functional role of this medial bulboreticular region in pain mechanisms has been a subject of speculation elsewhere 9"16'65. Our results suggest that the net effect of both the rostral and caudal projections originating in or passing through this area is to facilitate tonically supraspinally organized nocifensive responses.
In contrast, it appears that neurons in the ventral midline raphe tonically suppress nocifensive behavior. Anatomical evidence shows that neurons in the central inferior nucleus 6 or NRM 67 have direct rostral projections to medial and intralaminar thalamic nuclei that receive nociceptive input 53. The NRP, which corresponds most closely with the PPR of Berman 6, appears to have few, if any, diencephalic or other rostral projections 52,53. Both of these raphe nuclei, however, send substantial projections to the spinal cord in cat and rat, the NRM primarily by dorsal, and the NRP by ventral, bulbospinal pathways 3,46.
There is conflicting evidence on the behavioral effect of lesions within the medullary raphe nuclei. Most investigators find no effect of NRM lesions on spinally mediated 1"5' 11"43"7° or supraspinally mediated I nocifensive responses in the rat. However, others have shown that electrolytic lesions or local anesthetic blockade in the NRM and NRP lowers the threshold for the tail flick reflex in the rat 42 '56-58"62 and markedly increases the excitability of a cutaneous flexion reflex in the unanesthetized decerebrate cat 72. Neurophysiological experiments have shown that reversible or permanent inactivation of medullary raphe neurons does not affect the tonic descending inhibition of dorsal horn neurons in the rat or cat 3°'36'37"42. Jones and Gebhart 42, in fact, saw transient (less than 10 min) decreases in noxious heat-evoked activity of rat dorsal horn neurons after lidocaine blockade of the NRM. Sandkuhler et al. 6°, however, have shown that bilateral lidocaine block of the rostral lumbar lateral funiculi enhances the nociceptive responses of caudal lumbar dorsal horn neurons and reduces the inhibition of these responses produced by stimulation within the NRM or periaqueductal gray. The weight of current evidence 7'29'39 thus appears to favor the hypothesis that activation of certain bulbar raphe spinal neurons attenuates nociceptive transmission within the dorsal horn; this hypothesis best explains our results.
The results of experiments on ascending NRM activity fail to show an effect of NRM lesions on nocifensive behavior. Taylor 68 has shown that NRM lesions abolish the responses of hypothalamic or ventrobasal thalamic neurons to innocuous thermal stimulation of the rat's scrotum. This result supports other evidence that some NRM neurons in the rat form part of an ascending thermoregulatory pathway 23'41'73 which appears to have little or no relevance to nociceptive mechanisms or nocifensive behavior.
In summary, our results and the available evidence suggest that supraspinaUy organized nocifensive responses are: (1) tonically facilitated by neural activity originating in or passing through the medial bulboreticular formation; and (2) tonically suppressed by midline raphe spinal neurons. These tonic modulating influences appear to be independent of a superimposed, behaviorally related, phasic modulation that is organized at a suprabulbar level.
